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3.0 Cell Introduction fvcc104 
class="introduction" 
Fluorescence-stained Cell Undergoing Mitosis 


A lung cell from a newt, 
commonly studied for its 
similarity to human lung 
cells, is stained with 
fluorescent dyes. The green 
stain reveals mitotic 
spindles, red is the cell 
membrane and part of the 
cytoplasm, and the structures 
that appear light blue are 
chromosomes. This cell is in 
anaphase of mitosis. (credit: 
“Mortadelo2005”/Wikimedi 
a Commons) 


Note: 
Chapter Objectives 
After studying this chapter, you will be able to: 


¢ Describe the structure and function of the cell membrane, including 
its regulation of materials into and out of the cell 

¢ Describe the functions of the various cytoplasmic organelles 

e Explain the contents of the nucleus 

e Explain the process by which a cell builds proteins using the DNA 
code 


Why worry about cells? 

You may wonder why do I need to know anything about cells to be a Nurse, 
Medical Assistant, or Paramedic? There is a good reason. When the 
chemistry inside the cells is working correctly, your patient is well (and 
probably not a patient at all.) As soon as the functioning of cells is 
disturbed, homeostasis is disrupted and sickness may occur. Every disease 
or disorder from a toothache, broken bone, heart attack, to ebola, occur 
because is some way cells are not behaving as expected. Even the 
guaranteed process of aging involves changes in cellular function. 


Differentiation 

You developed from a single fertilized egg cell into the complex organism 
containing trillions of cells that you see when you look in a mirror. During 
this developmental process, early, undifferentiated cells differentiate and 
become specialized in their structure and function. These different cell 
types form specialized tissues that work in concert to perform all of the 
functions necessary for the living organism. Cellular and developmental 
biologists study how the continued division of a single cell leads to such 
complexity and differentiation. 


Incredible Diversity 

Consider the difference between a structural cell in the skin and a nerve 
cell. A structural skin cell may be shaped like a flat plate (squamous) and 
live only for a short time before it is shed and replaced. Packed tightly into 


rows and sheets, the squamous skin cells provide a protective barrier for the 
cells and tissues that lie beneath. A nerve cell, on the other hand, may be 
shaped something like a star, sending out long processes up to a meter in 
length and may live for the entire lifetime of the organism. With their long 
winding appendages, nerve cells can communicate with one another and 
with other types of body cells and send rapid signals that inform the 
organism about its environment and allow it to interact with that 
environment. These differences illustrate one very important theme that is 
consistent at all organizational levels of biology: the form of a structure is 
optimally suited to perform particular functions assigned to that structure. 
Keep this theme in mind as you tour the inside of a cell and are introduced 
to the various types of cells in the body. 


As always it's about Homeostasis 

A primary responsibility of each cell is to contribute to homeostasis. 
Homeostasis is a term used in biology that refers to a dynamic state of 
balance within parameters that are compatible with life. For example, living 
cells require a water-based environment to survive in, and there are various 
physical (anatomical) and physiological mechanisms that keep all of the 
trillions of living cells in the human body moist. This is one aspect of 
homeostasis. When a particular parameter, such as blood pressure or blood 
oxygen content, moves far enough out of homeostasis (generally becoming 
too high or too low), illness or disease—and sometimes death—inevitably 
results. 


The concept of a cell started with microscopic observations of dead cork 
tissue by scientist Robert Hooke in 1665. Without realizing their function or 
importance, Hook coined the term “cell” based on the resemblance of the 
small subdivisions in the cork to the rooms that monks inhabited, called 
cells. About ten years later, Antonie van Leeuwenhoek became the first 
person to observe living and moving cells under a microscope. In the 
century that followed, the theory that cells represented the basic unit of life 
would develop. These tiny fluid-filled sacs house components responsible 
for the thousands of biochemical reactions necessary for an organism to 
grow and survive. In this chapter, you will learn about the major 
components and functions of a prototypical, generalized cell and discover 
some of the different types of cells in the human body. 


3.1 The Cell Membrane fvcc104 
By the end of this section, you will be able to: 


e Describe the molecular components that make up the cell membrane 

e Explain the major features and properties of the cell membrane 

e Differentiate between materials that can and cannot diffuse through the 
lipid bilayer 

e Compare and contrast different types of passive transport with active 
transport, providing examples of each 


Despite differences in structure and function, all living cells in multicellular 
organisms have a surrounding cell membrane. As the outer layer of your 
skin separates your body from its environment, the cell membrane (also 
known as the plasma membrane) separates the inner contents of a cell from 
its exterior environment. This cell membrane provides a protective barrier 
around the cell and regulates which materials can pass in or out. 


Structure and Composition of the Cell Membrane 


The cell membrane is an extremely pliable structure composed primarily 
of back-to-back phospholipids (a “bilayer”). Cholesterol is also present, 
which contributes to the fluidity of the membrane, and there are various 
proteins embedded within the membrane that have a variety of functions. 


A single phospholipid molecule has a phosphate group on one end, called 
the “head,” and two side-by-side chains of fatty acids that make up the lipid 
tails ({link]). The phosphate group is negatively charged, making the head 
polar and hydrophilic—or “water loving.” A hydrophilic molecule (or 
region of a molecule) is one that is attracted to water. The phosphate heads 
are thus attracted to the water molecules of both the extracellular and 
intracellular environments. The lipid tails, on the other hand, are uncharged, 
or nonpolar, and are hydrophobic—or “water fearing.” A hydrophobic 
molecule (or region of a molecule) repels and is repelled by water. Some 
lipid tails consist of saturated fatty acids and some contain unsaturated fatty 
acids. This combination adds to the fluidity of the tails that are constantly in 
motion. 

Phospholipid Structure 


Phosphate 


Hydrophilic head 


Saturated 
fatty acid 


Unsaturated 
fatty acid 


Hydrophobic tails 


A phospholipid molecule 
consists of a polar phosphate 
“head,” which is hydrophilic 

and a non-polar lipid “tail,” 
which is hydrophobic. 
Unsaturated fatty acids result 
in kinks in the hydrophobic 
tails. 


Fluid Compartments 

The cell membrane consists of two adjacent layers of phospholipids. The 
lipid tails of one layer face the lipid tails of the other layer, meeting at the 
interface of the two layers. The phospholipid heads face outward, one layer 
exposed to the interior of the cell and one layer exposed to the exterior 
({link]). Because the phosphate groups are polar and hydrophilic, they are 
attracted to water in the intracellular fluid. Intracellular fluid (ICF) is the 
fluid interior of the cell. The phosphate groups are also attracted to the 
extracellular fluid. Extracellular fluid (ECF) is the fluid environment 
outside the enclosure of the cell membrane. Interstitial fluid (IF) is the 


term given to extracellular fluid not contained within blood vessels. 
Because the lipid tails are hydrophobic, they meet in the inner region of the 
membrane, excluding watery intracellular and extracellular fluid from this 
space. The cell membrane has many proteins, as well as other lipids (such 
as cholesterol), that are associated with the phospholipid bilayer. An 
important feature of the membrane is that it remains fluid; the lipids and 
proteins in the cell membrane are not rigidly locked in place. 

Phospolipid Bilayer 


Extracellular 
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The phospholipid bilayer 
consists of two adjacent 
sheets of phospholipids, 
arranged tail to tail. The 
hydrophobic tails associate 
with one another, forming the 
interior of the membrane. 
The polar heads contact the 
fluid inside and outside of the 
cell. 


Membrane Proteins 


The lipid bilayer forms the basis of the cell membrane, but it is peppered 
throughout with various proteins. Two different types of proteins that are 
commonly associated with the cell membrane are the integral proteins and 
peripheral protein ([link]). As its name suggests, an integral protein is a 


protein that is embedded in the membrane. A channel protein is an 
example of an integral protein that selectively allows particular materials, 
such as certain ions, to pass into or out of the cell. 
Cell Membrane 
Glycoprotein: protein with Glycolipid: lipid with 
eo carbohydrate attached / carbohydrate 
attached 


Peripheral membrane Phospholipid 
protein bilayer 
Integral membrane Cholesterol Channel protein 
protein 


The cell membrane of the cell is a phospholipid bilayer 
containing many different molecular components, 
including proteins and cholesterol, some with 
carbohydrate groups attached. 


Ligands bind to Receptors 

Another important group of integral proteins are cell recognition proteins, 
which serve to mark a cell’s identity so that it can be recognized by other 
cells. A receptor is a type of recognition protein that can selectively bind a 
specific molecule outside the cell, and this binding induces a chemical 
reaction within the cell. A ligand is the specific molecule that binds to and 
activates a receptor. 


Some integral membrane proteins are glycoproteins. A glycoprotein is a 
protein that has carbohydrate molecules attached, which extend into the 
extracellular matrix. The attached carbohydrate tags on glycoproteins aid in 
cell recognition. The carbohydrates that extend from membrane proteins 
and even from some membrane lipids collectively form the glycocalyx. The 
glycocalyx is a fuzzy-appearing coating around the cell formed from 
glycoproteins and other carbohydrates attached to the cell membrane. The 


glycocalyx may have molecules that allow the cell to bind to another cell, it 
may contain receptors for hormones, or it might have enzymes to break 
down nutrients. The glycocalyces found in a person’s body are products of 
that person’s genetic makeup. They give each of the individual’s trillions of 
cells the “identity” of belonging in the person’s body. 


Peripheral proteins are typically found on the inner or outer surface of the 
lipid bilayer. These proteins typically perform a specific function for the 
cell. Some peripheral proteins on the surface of intestinal cells, for example, 
act as digestive enzymes to break down nutrients to sizes that can pass 
through the cells and into the bloodstream. 


Transport across the Cell Membrane 


One of the great wonders of the cell membrane is its ability to regulate the 
concentration of substances inside the cell. These substances include ions 
such as Ca**, Na*, K*, and CI; nutrients including sugars, fatty acids, and 
amino acids; and waste products, particularly carbon dioxide (CO>), which 
must leave the cell. 


Selective Permeability 

The membrane’s lipid bilayer structure provides the first level of control. 
The phospholipids are tightly packed together, and the membrane has a 
hydrophobic interior. This structure causes the membrane to be selectively 
permeable. A membrane that has selective permeability allows only 
substances meeting certain criteria to pass through it unaided. In the case of 
the cell membrane, only relatively small, nonpolar materials can move 
through the lipid bilayer (remember, the lipid tails of the membrane are 
nonpolar). Some examples of these are other lipids, oxygen and carbon 
dioxide gases, and alcohol. However, water-soluble materials—like 
glucose, amino acids, and electrolytes—need some assistance to cross the 
membrane because they are repelled by the hydrophobic tails of the 
phospholipid bilayer. All substances that move through the membrane do so 
by one of two general methods, which are categorized based on whether or 
not energy is required. Passive transport is the movement of substances 
across the membrane without the expenditure of cellular energy. In contrast, 


active transport is the movement of substances across the membrane using 
energy from adenosine triphosphate (ATP). 


Passive Transport 


Diffusion Requires a Concentration Gradient 

In order to understand how substances move passively across a cell 
membrane, it is necessary to understand concentration gradients and 
diffusion. A concentration gradient is the difference in concentration of a 
substance across a space. Molecules (or ions) will spread/diffuse from 
where they are more concentrated to where they are less concentrated until 
they are equally distributed in that space. (When molecules move in this 
way, they are said to move down their concentration gradient.) Diffusion is 
the movement of particles from an area of higher concentration to an area of 
lower concentration. A couple of common examples will help to illustrate 
this concept. Imagine being inside a closed bathroom. If a bottle of perfume 
were sprayed, the scent molecules would naturally diffuse from the spot 
where they left the bottle to all corners of the bathroom, and this diffusion 
would go on until no more concentration gradient remains. Another 
example is a spoonful of sugar placed in a cup of tea. Eventually the sugar 
will diffuse throughout the tea until no concentration gradient remains. In 
both cases, if the room is warmer or the tea hotter, diffusion occurs even 
faster as the molecules are bumping into each other and spreading out faster 
than at cooler temperatures. Having an internal body temperature around 
98.6 F thus also aids in diffusion of particles within the body. 


Note: 

Visit this link to see diffusion and how it is propelled by the kinetic energy 
of molecules in solution. How does temperature affect diffusion rate, and 
why? 


Whenever a substance exists in greater concentration on one side of a 
semipermeable membrane, such as the cell membranes, any substance that 
can move down its concentration gradient across the membrane will do so. 
Consider substances that can easily diffuse through the lipid bilayer of the 
cell membrane, such as the gases oxygen (O) and CO>. O» generally 
diffuses into cells because it is more concentrated outside of them, and CO, 
typically diffuses out of cells because it is more concentrated inside of 
them. Neither of these examples requires any energy on the part of the cell, 
and therefore they use passive transport to move across the membrane. 


Simple Diffusion 

The mechanism of molecules moving across a cell membrane from the side 
where they are more concentrated to the side where they are less 
concentrated is a form of passive transport called simple diffusion ((link]). 
Simple Diffusion across the Cell (Plasma) Membrane 
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The structure of the lipid bilayer allows 
small, uncharged substances such as 
oxygen and carbon dioxide, and 
hydrophobic molecules such as lipids, to 
pass through the cell membrane, down 
their concentration gradient, by simple 
diffusion. 


Facilitated Diffusion 

Large polar or ionic molecules, which are hydrophilic, cannot easily cross 
the phospholipid bilayer. Because most substances cannot pass freely 
through the lipid bilayer of the cell membrane, their movement is restricted 


to protein channels and specialized transport mechanisms in the membrane. 
Facilitated diffusion is the diffusion process used for those substances that 
cannot cross the lipid bilayer due to their size, charge, and/or polarity 
({link]). A common example of facilitated diffusion is the movement of 
glucose into the cell, where it is used to make ATP. Although glucose can 
be more concentrated outside of a cell, it cannot cross the lipid bilayer via 
simple diffusion because it is both large and polar. 

Facilitated Diffusion 
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(a) Facilitated diffusion of 
substances crossing the cell 
(plasma) membrane takes place 
with the help of proteins such as 
channel proteins and carrier 
proteins. Channel proteins are 
less selective than carrier 
proteins, and usually mildly 
discriminate between their 
cargo based on size and charge. 
(b) Carrier proteins are more 
selective, often only allowing 


one particular type of molecule 
to cross. 


As an example, even though sodium ions (Na’*) are highly concentrated 
outside of cells, these electrolytes are charged and cannot pass through the 
nonpolar lipid bilayer of the membrane. Their diffusion is facilitated by 
membrane proteins that form sodium channels (or “pores”) Because 
facilitated diffusion is a passive process, it does not require energy 
expenditure by the cell. 


Osmosis is the Diffusion of Water 

Water also can move freely across the cell membrane of all cells, either 
through protein channels or by slipping between the lipid tails of the 
membrane itself. Osmosis is the diffusion of water through a 
semipermeable membrane ([link]). 

Osmosis 


oo! 


Semipermeable membrane 


Osmosis is the diffusion of 
water through a 
semipermeable membrane 
down its concentration 
gradient. If a membrane is 
permeable to water, though 
not to a solute, water will 
equalize its own 
concentration by diffusing to 
the side of lower water 
concentration (and thus the 


side of higher solute 
concentration). In the beaker 
on the left, the solution on the 
right side of the membrane is 
hypertonic. 


Osmosis occurs when there is an imbalance of solutes outside of a cell 
versus inside the cell. A solution that has a higher concentration of solutes 
than another solution is said to be hypertonic, and water molecules tend to 
diffuse into a hypertonic solution ({link]). Cells in a hypertonic solution will 
shrivel as water leaves the cell via osmosis. In contrast, a solution that has a 
lower concentration of solutes than another solution is said to be hypotonic, 
and water molecules tend to diffuse out of a hypotonic solution. Cells in a 
hypotonic solution will take on too much water and swell, with the risk of 
eventually bursting. 


Giving Intravenous Fluids (IV) - Discussion Point 
Consider what might happen if a patient was to be given pure water IV. 
Concentration of Solutions 
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A hypertonic solution has a 
solute concentration higher 
than another solution. An 
isotonic solution has a solute 
concentration equal to 
another solution. A hypotonic 
solution has a solute 
concentration lower than 
another solution. 


Filtration 

Unlike diffusion of a substance from where it is more concentrated to less 
concentrated, filtration uses a hydrostatic pressure gradient that pushes 
the fluid—and the solutes within it—from a higher pressure area to a lower 
pressure area. The circulatory system uses filtration to move plasma and 
substances across the endothelial lining of capillaries and into surrounding 
tissues. Filtration pressure in the kidneys provides the mechanism to 
remove wastes from the bloodstream. 


Active Transport 


Active Transport - against the gradient 

For all of the transport methods described above, the cell expends no 
energy. During active transport, ATP is required to move a substance across 
a membrane, often with the help of protein carriers, and usually against its 
concentration gradient. 


Needs Energy - ATP 

One of the most common types of active transport involves proteins that 
serve as pumps. Energy from ATP is required for these membrane proteins 
to transport substances—molecules or ions—across the membrane, usually 
against their concentration gradients (from an area of low concentration to 
an area of high concentration). 


The sodium-potassium pump, which is also called Na*/K* ATPase, 
transports sodium out of a cell while moving potassium into the cell. The 
Na*/K* pump is an important ion pump found in the membranes of many 
types of cells. This process is so important for nerve cells that it accounts 
for the majority of their ATP usage. 

Sodium-Potassium Pump 
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The sodium-potassium pump is found in many cell (plasma) 
membranes. Powered by ATP, the pump moves sodium and 
potassium ions in opposite directions, each against its 
concentration gradient. In a single cycle of the pump, three 
sodium ions are extruded from and two potassium ions are 
imported into the cell. 


Bulk Transport 

Other forms of active transport do not involve membrane carriers. 
Endocytosis (bringing “into the cell”) is the process of a cell ingesting 
material by enveloping it in a portion of its cell membrane, and then 
pinching off that portion of membrane ([link]). Once pinched off, the 
portion of membrane and its contents becomes an independent, intracellular 
vesicle. A vesicle is a membranous sac—a spherical and hollow organelle 
bounded by a lipid bilayer membrane. Endocytosis often brings materials 
into the cell that must to be broken down or digested. Phagocytosis (“cell 
eating”) is the endocytosis of large particles. Many immune cells engage in 
phagocytosis of invading pathogens. Like little Pac-men, their job is to 
patrol body tissues for unwanted matter, such as invading bacterial cells, 
phagocytize them, and digest them. In contrast to phagocytosis, pinocytosis 
(“cell drinking”) brings fluid containing dissolved substances into a cell 
through membrane vesicles. 

Three Forms of Endocytosis 


Phagocytosis Pinocytosis Receptor-mediated 
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(a) (b) (c) 


Endocytosis is a form of active transport 
in which a cell envelopes extracellular 
materials using its cell membrane. (a) In 
phagocytosis, which is relatively 
nonselective, the cell takes in a large 
particle. (b) In pinocytosis, the cell takes 
in small particles in fluid. (c) In contrast, 
receptor-mediated endocytosis is quite 
selective. When external receptors bind a 
specific ligand, the cell responds by 
endocytosing the ligand. 


Exocytosis 


Exocytosis 
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Exocytosis is much like 


endocytosis in reverse. 
Material destined for 
export is packaged into a 
vesicle inside the cell. 
The membrane of the 
vesicle fuses with the cell 
membrane, and the 
contents are released into 
the extracellular space. 


Pancreatic Cells' Enzyme Products 
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Pancreatic acinar cell 


—— Secretory vesicles 


The pancreatic acinar cells produce and 
secrete many enzymes that digest food. 
The tiny black granules in this electron 
micrograph are secretory vesicles filled 
with enzymes that will be exported from 
the cells via exocytosis. LM x 2900. 
(Micrograph provided by the Regents of 
University of Michigan Medical School © 
2012) 


Note: 


View the University of Michigan WebScope to explore the tissue sample in 
greater detail. 


Note: 

Clinical Correlation 

Cell: Cystic Fibrosis 

Cystic fibrosis (CF) affects approximately 30,000 people in the United 
States, with about 1,000 new cases reported each year. The genetic disease 
is most well known for its damage to the lungs, causing breathing 
difficulties and chronic lung infections, but it also affects the liver, 
pancreas, and intestines. 

CF - A single malfunctioning cell protein 

The symptoms of CF result from a malfunctioning membrane ion channel 
called the cystic fibrosis transmembrane conductance regulator, or CFTR. 
In healthy people, the CFTR protein is an integral membrane protein that 
transports Cl” ions out of the cell. In a person who has CF, the gene for the 
CFTR is mutated, thus, the cell manufactures a defective channel protein 
that typically is not incorporated into the membrane, but is instead 
degraded by the cell. 

It's about Osmosis! 

In normal lung tissue, the movement of Cl” out of the cell maintains a Cl - 
rich, negatively charged environment immediately outside of the cell. This 
is particularly important in the epithelial lining of the respiratory system. 
Respiratory epithelial cells secrete mucus, which serves to trap dust, 
bacteria, and other debris. A cilium (plural = cilia) is one of the hair-like 
appendages found on certain cells. Cilia on the epithelial cells move the 
mucus and its trapped particles up the airways away from the lungs and 
toward the outside. In order to be effectively moved upward, the mucus 
cannot be too viscous; rather it must have a thin, watery consistency. The 
transport of Cl and the maintenance of an electronegative environment 
outside of the cell attract positive ions such as Na’ to the extracellular 
space. The accumulation of both Cl and Na’ ions in the extracellular 
space creates solute-rich mucus, which has a low concentration of water 
molecules. As a result, through osmosis, water moves from cells and 
extracellular matrix into the mucus, “thinning” it out. This is how, ina 


normal respiratory system, the mucus is kept sufficiently watered-down to 
be propelled out of the respiratory system. 

CF - Symptoms caused by Reduced Osmotic Pressure 

If the CFTR channel is absent, Cl" ions are not transported out of the cell 
in adequate numbers, thus preventing them from drawing positive ions. 
The absence of ions in the secreted mucus results in the lack of a normal 
water concentration gradient. Thus, there is no osmotic pressure pulling 
water into the mucus. The resulting mucus is thick and sticky, and the 
ciliated epithelia cannot effectively remove it from the respiratory system. 


Chapter Review 


The cell membrane provides a barrier around the cell, separating its internal 
components from the extracellular environment. It is composed of a 
phospholipid bilayer, with hydrophobic intemal lipid “tails” and 
hydrophilic external phosphate “heads.” Various membrane proteins are 
scattered throughout the bilayer, both inserted within it and attached to it 
peripherally. The cell membrane is selectively permeable, allowing only a 
limited number of materials to diffuse through its lipid bilayer. All materials 
that cross the membrane do so using passive (non energy-requiring) or 
active (energy-requiring) transport processes. During passive transport, 
materials move by simple diffusion or by facilitated diffusion through the 
membrane, down their concentration gradient. Water passes through the 
membrane in a diffusion process called osmosis. During active transport, 
energy is expended to assist material movement across the membrane in a 
direction against their concentration gradient. Active transport may take 
place with the help of protein pumps or through the use of vesicles. 


Interactive Link Questions 


Exercise: 


Problem: 


Visit this link to see diffusion and how it is propelled by the kinetic 
energy of molecules in solution. How does temperature affect diffusion 
rate, and why? 


Solution: 


Higher temperatures speed up diffusion because molecules have more 
kinetic energy at higher temperatures. 


Review Questions 


Exercise: 
Problem: 


Because they are embedded within the membrane, ion channels are 
examples of 


a. receptor proteins 
b. integral proteins 

c. peripheral proteins 
d. glycoproteins 


Solution: 


B 
Exercise: 


Problem: 


The diffusion of substances within a solution tends to move those 
substances their gradient. 


a. up; electrical 
b. up; electrochemical 


c. down; pressure 
d. down; concentration 


Solution: 


D 


Exercise: 


Problem:lon pumps and phagocytosis are both examples of 


a. endocytosis 

b. passive transport 

c. active transport 

d. facilitated diffusion 


Solution: 


C 
Exercise: 


Problem: 


Choose the answer that best completes the following analogy: 
Diffusion is to as endocytosis is to 


a. filtration; phagocytosis 

b. osmosis; pinocytosis 

c. solutes; fluid 

d. gradient; chemical energy 


Solution: 


B 


Critical Thinking Questions 


Exercise: 


Problem: 
What materials can easily diffuse through the lipid bilayer, and why? 
Solution: 


Only materials that are relatively small and nonpolar can easily diffuse 
through the lipid bilayer. Large particles cannot fit in between the 
individual phospholipids that are packed together, and polar molecules 
are repelled by the hydrophobic/nonpolar lipids that line the inside of 
the bilayer. 


Exercise: 
Problem: 


Why is receptor-mediated endocytosis said to be more selective than 
phagocytosis or pinocytosis? 


Solution: 


Receptor-mediated endocytosis is more selective because the 
substances that are brought into the cell are the specific ligands that 
could bind to the receptors being endocytosed. Phagocytosis or 
pinocytosis, on the other hand, have no such receptor-ligand 
specificity, and bring in whatever materials happen to be close to the 
membrane when it is enveloped. 


Exercise: 


Problem: 


What do osmosis, diffusion, filtration, and the movement of ions away 
from like charge all have in common? In what way do they differ? 


Solution: 


These four phenomena are similar in the sense that they describe the 
movement of substances down a particular type of gradient. Osmosis 
and diffusion involve the movement of water and other substances 
down their concentration gradients, respectively. Filtration describes 
the movement of particles down a pressure gradient, and the 
movement of ions away from like charge describes their movement 
down their electrical gradient. 


Glossary 


active transport 
form of transport across the cell membrane that requires input of 
cellular energy 


amphipathic 
describes a molecule that exhibits a difference in polarity between its 
two ends, resulting in a difference in water solubility 


cell membrane 
membrane surrounding all animal cells, composed of a lipid bilayer 
interspersed with various molecules; also known as plasma membrane 


channel protein 
membrane-spanning protein that has an inner pore which allows the 
passage of one or more substances 


concentration gradient 
difference in the concentration of a substance between two regions 


diffusion 
movement of a substance from an area of higher concentration to one 
of lower concentration 


electrical gradient 
difference in the electrical charge (potential) between two regions 


endocytosis 


import of material into the cell by formation of a membrane-bound 
vesicle 


exocytosis 
export of a substance out of a cell by formation of a membrane-bound 
vesicle 


extracellular fluid (ECF) 
fluid exterior to cells; includes the interstitial fluid, blood plasma, and 
fluid found in other reservoirs in the body 


facilitated diffusion 
diffusion of a substance with the aid of a membrane protein 


glycocalyx 
coating of sugar molecules that surrounds the cell membrane 


glycoprotein 
protein that has one or more carbohydrates attached 


hydrophilic 
describes a substance or structure attracted to water 


hydrophobic 
describes a substance or structure repelled by water 


hypertonic 
describes a solution concentration that is higher than a reference 
concentration 


hypotonic 
describes a solution concentration that is lower than a reference 
concentration 


integral protein 
membrane-associated protein that spans the entire width of the lipid 


bilayer 


interstitial fluid (IF) 


fluid in the small spaces between cells not contained within blood 
vessels 


intracellular fluid (ICF) 
fluid in the cytosol of cells 


isotonic 
describes a solution concentration that is the same as a reference 
concentration 


ligand 
molecule that binds with specificity to a specific receptor molecule 


osmosis 
diffusion of water molecules down their concentration gradient across 
a selectively permeable membrane 


passive transport 
form of transport across the cell membrane that does not require input 
of cellular energy 


peripheral protein 
membrane-associated protein that does not span the width of the lipid 
bilayer, but is attached peripherally to integral proteins, membrane 
lipids, or other components of the membrane 


phagocytosis 
endocytosis of large particles 


pinocytosis 
endocytosis of fluid 


receptor 
protein molecule that contains a binding site for another specific 
molecule (called a ligand) 


receptor-mediated endocytosis 
endocytosis of ligands attached to membrane-bound receptors 


selective permeability 
feature of any barrier that allows certain substances to cross but 
excludes others 


sodium-potassium pump 
(also, Na*/K* ATP-ase) membrane-embedded protein pump that uses 
ATP to move Na’ out of a cell and K” into the cell 


vesicle 
membrane-bound structure that contains materials within or outside of 
the cell 


3.2 Cytoplasm and Cellular Organelles fvcc104 
By the end of this section, you will be able to: 


¢ Describe the structure and function of the cellular organelles 
associated with the endomembrane system, including the endoplasmic 
reticulum, Golgi apparatus, and lysosomes 

e Describe the structure and function of mitochondria and peroxisomes 

e Explain the three components of the cytoskeleton, including their 
composition and functions 


Now that you have learned that the cell membrane surrounds all cells, you 
can dive inside of a prototypical human cell to learn about its internal 
components and their functions. All living cells in multicellular organisms 
contain an internal cytoplasmic compartment, and a nucleus within the 
cytoplasm. Cytosol, the jelly-like substance within the cell, provides the 
fluid medium necessary for biochemical reactions. Eukaryotic cells, 
including all animal cells, also contain various cellular organelles. An 
organelle (“little organ’’) is one of several different types of membrane- 
enclosed bodies in the cell, each performing a unique function. Just as the 
various bodily organs work together in harmony to perform all of a human’s 
functions, the many different cellular organelles work together to keep the 
cell healthy and performing all of its important functions. The organelles 
and cytosol, taken together, compose the cell’s cytoplasm. The nucleus is a 
cell’s central organelle, which contains the cell’s DNA ({link]). 

Prototypical Human Cell 
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While this image is not indicative of any one 
particular human cell, it is a prototypical example 
of a cell containing the primary organelles and 
internal structures. 


Organelles of the Endomembrane System 


A set of three major organelles together form a system within the cell called 
the endomembrane system. These organelles work together to perform 
various cellular jobs, including the task of producing, packaging, and 
exporting certain cellular products. The organelles of the endomembrane 
system include the endoplasmic reticulum, Golgi apparatus, and vesicles. 


Endoplasmic Reticulum 


The endoplasmic reticulum (ER) is a system of channels that is 
continuous with the nuclear membrane (or “envelope”) covering the 
nucleus and composed of the same lipid bilayer material. The ER can be 
thought of as a series of winding thoroughfares similar to the waterway 
canals in Venice. The ER provides passages throughout much of the cell 
that function in transporting, synthesizing, and storing materials. The 


winding structure of the ER results in a large membranous surface area that 


supports its many functions ([link]). 


Smooth ER 


(a) The ER is a winding network of thin membranous sacs 
found in close association with the cell nucleus. The smooth 
and rough endoplasmic reticula are very different in 
appearance and function (source: mouse tissue). (b) Rough ER 
is studded with numerous ribosomes, which are sites of protein 
synthesis (source: mouse tissue). EM x 110,000. (c) Smooth 
ER synthesizes phospholipids, steroid hormones, regulates the 
concentration of cellular Ca**, metabolizes some 


carbohydrates, and breaks down certain toxins (source: mouse 
tissue). EM x 110,510. (Micrographs provided by the Regents 
of University of Michigan Medical School © 2012) 


Rough Endoplasmic Reticulum rER 

Endoplasmic reticulum can exist in two forms: rough ER and smooth ER. 
These two types of ER perform some very different functions and can be 
found in very different amounts depending on the type of cell. Rough ER 
(RER) is so-called because its membrane is dotted with embedded granules 
—organelles called ribosomes, giving the RER a bumpy appearance. A 
ribosome is an organelle that serves as the site of protein synthesis. It is 
composed of two ribosomal RNA subunits that wrap around mRNA to start 
the process of translation, followed by protein synthesis. Smooth ER (SER) 
lacks these ribosomes. 


Smooth Endoplasmic Reticulum sER 

One of the main functions of the smooth ER is in the synthesis of lipids. 
The smooth ER synthesizes phospholipids, the main component of 
biological membranes, as well as steroid hormones. For this reason, cells 
that produce large quantities of such hormones, such as those of the female 
ovaries and male testes, contain large amounts of smooth ER. The smooth 
ER additionally metabolizes some carbohydrates and performs a 
detoxification role, breaking down certain toxins. 


The Golgi Apparatus 


The Golgi apparatus is responsible for sorting, modifying, and shipping 
off the products that come from the rough ER, much like a post-office. The 
Golgi apparatus looks like stacked flattened discs, almost like stacks of 
oddly shaped pancakes. Like the ER, these discs are membranous. 
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(a) The Golgi apparatus manipulates products from the rough 
ER, and also produces new organelles called lysosomes. 
Proteins and other products of the ER are sent to the Golgi 
apparatus, which organizes, modifies, packages, and tags them. 
Some of these products are transported to other areas of the cell 
and some are exported from the cell through exocytosis. 
Enzymatic proteins are packaged as new lysosomes (or 
packaged and sent for fusion with existing lysosomes). (b) An 
electron micrograph of the Golgi apparatus. 


Lysosomes 


Some of the protein products packaged by the Golgi include digestive 
enzymes that are meant to remain inside the cell for use in breaking down 
certain materials. The enzyme-containing vesicles released by the Golgi 
may form new lysosomes, or fuse with existing, lysosomes. A lysosome is 


an organelle that contains enzymes that break down and digest unneeded 
cellular components, such as a damaged organelle. Lysosomes are also 
important for breaking down foreign material. For example, when certain 
immune defense cells (white blood cells) phagocytize bacteria, the bacterial 
cell is transported into a lysosome and digested by the enzymes inside. 


Under certain circumstances, lysosomes perform a more grand and dire 
function. In the case of damaged or unhealthy cells, lysosomes can be 
triggered to open up and release their digestive enzymes into the cytoplasm 
of the cell, killing the cell. This “self-destruct” mechanism is called 
autolysis, and makes the process of cell death controlled (a mechanism 
called “apoptosis”. 


Note: 

Watch this video to learn about the endomembrane system, which includes 
the rough and smooth ER and the Golgi body as well as lysosomes and 
vesicles. What is the primary role of the endomembrane system? 


Organelles for Energy Production and Detoxification 


In addition to the jobs performed by the endomembrane system, the cell has 
many other important functions. Just as you must consume nutrients to 
provide yourself with energy, so must each of your cells take in nutrients, 
some of which convert to chemical energy that can be used to power 
biochemical reactions. 


Mitochondria 


A mitochondrion (plural = mitochondria) is a membranous, bean-shaped 
organelle that is the “energy transformer” of the cell. Mitochondria consist 
of an outer lipid bilayer membrane as well as an additional inner lipid 
bilayer membrane ((link]). The inner membrane is highly folded into 


winding structures with a great deal of surface area, called cristae. It is 
along this inner membrane that a series of proteins, enzymes, and other 
molecules perform the biochemical reactions of cellular respiration. These 
reactions convert energy stored in nutrient molecules (such as glucose) into 
adenosine triphosphate (ATP), which provides usable cellular energy to the 
cell. Cells use ATP constantly, and so the mitochondria are constantly at 
work. 

Mitochondrion 
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(a) (b) 


The mitochondria are the energy-conversion factories of the 
cell. (a) A mitochondrion is composed of two separate lipid 
bilayer membranes. Along the inner membrane are various 
molecules that work together to produce ATP, the cell’s 
major energy currency. (b) An electron micrograph of 
mitochondria. EM x 236,000. (Micrograph provided by the 
Regents of University of Michigan Medical School © 
2012) 


Peroxisomes - NOT REQUIRED for BIOH 104 


Like lysosomes, a peroxisome is a membrane-bound cellular organelle that 
contains mostly enzymes ([link]). Peroxisomes perform a couple of 
different functions, including lipid metabolism and chemical detoxification. 


In contrast to the digestive enzymes found in lysosomes, the enzymes 
within peroxisomes serve to transfer hydrogen atoms from various 
molecules to oxygen, producing hydrogen peroxide (H»O>). In this way, 
peroxisomes neutralize poisons such as alcohol. In order to appreciate the 
importance of peroxisomes, it is necessary to understand the concept of 
reactive oxygen species. 


Peroxisome 
Lipid bilayer 


Plasma 
membrane 


Peroxisomes are membrane- 
bound organelles that contain 
an abundance of enzymes for 
detoxifying harmful 
substances and lipid 
metabolism. 


Reactive oxygen species (ROS) such as peroxides and free radicals are the 
highly reactive products of many normal cellular processes, including the 
mitochondrial reactions that produce ATP and oxygen metabolism. 
Examples of ROS include the hydroxyl radical OH, H»O>, and superoxide ( 
O, ). Some ROS are important for certain cellular functions, such as cell 
signaling processes and immune responses against foreign substances. Free 
radicals are reactive because they contain free unpaired electrons; they can 
easily oxidize other molecules throughout the cell, causing cellular damage 
and even cell death. Free radicals are thought to play a role in many 
destructive processes in the body, from cancer to coronary artery disease. 


Peroxisomes, on the other hand, oversee reactions that neutralize free 
radicals. Peroxisomes produce large amounts of the toxic H)O> in the 
process, but peroxisomes contain enzymes that convert H,O, into water and 
oxygen. These byproducts are safely released into the cytoplasm. Like 
miniature sewage treatment plants, peroxisomes neutralize harmful toxins 
so that they do not wreak havoc in the cells. The liver is the organ primarily 
responsible for detoxifying the blood before it travels throughout the body, 
and liver cells contain an exceptionally high number of peroxisomes. 


Defense mechanisms such as detoxification within the peroxisome and 
certain cellular antioxidants serve to neutralize many of these molecules. 
Some vitamins and other substances, found primarily in fruits and 
vegetables, have antioxidant properties. Antioxidants work by being 
oxidized themselves, halting the destructive reaction cascades initiated by 
the free radicals. Sometimes though, ROS accumulate beyond the capacity 
of such defenses. 


Oxidative stress is the term used to describe damage to cellular components 
caused by ROS. Due to their characteristic unpaired electrons, ROS can set 
off chain reactions where they remove electrons from other molecules, 
which then become oxidized and reactive, and do the same to other 
molecules, causing a chain reaction. ROS can cause permanent damage to 
cellular lipids, proteins, carbohydrates, and nucleic acids. Damaged DNA 
can lead to genetic mutations and even cancer. A mutation is a change in 
the nucleotide sequence in a gene within a cell’s DNA, potentially altering 
the protein coded by that gene. Other diseases believed to be triggered or 
exacerbated by ROS include Alzheimer’s disease, cardiovascular diseases, 
diabetes, Parkinson’s disease, arthritis, Huntington’s disease, and 
schizophrenia, among many others. It is noteworthy that these diseases are 
largely age-related. Many scientists believe that oxidative stress is a major 
contributor to the aging process. 


Note: 
Aging and the... 
Cell: The Free Radical Theory 


The free radical theory on aging was originally proposed in the 1950s, and 
still remains under debate. Generally speaking, the free radical theory of 
aging suggests that accumulated cellular damage from oxidative stress 
contributes to the physiological and anatomical effects of aging. There are 
two significantly different versions of this theory: one states that the aging 
process itself is a result of oxidative damage, and the other states that 
oxidative damage causes age-related disease and disorders. The latter 
version of the theory is more widely accepted than the former. However, 
many lines of evidence suggest that oxidative damage does contribute to 
the aging process. Research has shown that reducing oxidative damage can 
result in a longer lifespan in certain organisms such as yeast, worms, and 
fruit flies. Conversely, increasing oxidative damage can shorten the 
lifespan of mice and worms. Interestingly, a manipulation called calorie- 
restriction (moderately restricting the caloric intake) has been shown to 
increase life span in some laboratory animals. It is believed that this 
increase is at least in part due to a reduction of oxidative stress. However, a 
long-term study of primates with calorie-restriction showed no increase in 
their lifespan. A great deal of additional research will be required to better 
understand the link between reactive oxygen species and aging. 


The Cytoskeleton 


Much like the bony skeleton structurally supports the human body, the 
cytoskeleton helps the cells to maintain their structural integrity. The 
cytoskeleton is a group of fibrous proteins that provide structural support 
for cells, but this is only one of the functions of the cytoskeleton. 
Cytoskeletal components are also critical for cell motility, cell reproduction, 
and transportation of substances within the cell. 

The Three Components of the Cytoskeleton 
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(a) (b) (c) 


The cytoskeleton consists of (a) microtubules, (b) 
microfilaments, and (c) intermediate filaments. The 
cytoskeleton plays an important role in maintaining cell 
shape and structure, promoting cellular movement, and 
aiding cell division. 


A very important function of microtubules is to set the paths (somewhat 
like railroad tracks) along which the genetic material can be pulled (a 
process requiring ATP) during cell division, so that each new daughter cell 
receives the appropriate set of chromosomes. Two short, identical 
microtubule structures called centrioles are found near the nucleus of cells. 
A centriole can serve as the cellular origin point for microtubules extending 
outward as cilia or flagella or can assist with the separation of DNA during 
cell division. Microtubules grow out from the centrioles by adding more 
tubulin subunits, like adding additional links to a chain. 


Actin also has an important role during cell division. When a cell is about to 
split in half during cell division, actin filaments work with myosin to create 
a cleavage furrow that eventually splits the cell down the middle, forming 
two new cells from the original cell. 


Chapter Review 


The internal environmental of a living cell is made up of a fluid, jelly-like 
substance called cytosol, which consists mainly of water, but also contains 
various dissolved nutrients and other molecules. The cell contains an array 
of cellular organelles, each one performing a unique function and helping to 
maintain the health and activity of the cell. The cytosol and organelles 
together compose the cell’s cytoplasm. Most organelles are surrounded by a 
lipid membrane similar to the cell membrane of the cell. The endoplasmic 
reticulum (ER), Golgi apparatus, and lysosomes share a functional 
connectivity and are collectively referred to as the endomembrane system. 
There are two types of ER: smooth and rough. While the smooth ER 
performs many functions, including lipid synthesis and ion storage, the 
rough ER is mainly responsible for protein synthesis using its associated 
ribosomes. The rough ER sends newly made proteins to the Golgi apparatus 
where they are modified and packaged for delivery to various locations 
within or outside of the cell. Some of these protein products are enzymes 
destined to break down unwanted material and are packaged as lysosomes 
for use inside the cell. 


Cells also contain mitochondria and peroxisomes, which are the organelles 
responsible for producing the cell’s energy supply and detoxifying certain 
chemicals, respectively. Biochemical reactions within mitochondria 
transform energy-carrying molecules into the usable form of cellular energy 
known as ATP. Peroxisomes contain enzymes that transform harmful 
substances such as free radicals into oxygen and water. Cells also contain a 
miniaturized “skeleton” of protein filaments that extend throughout its 
interior. Three different kinds of filaments compose this cytoskeleton (in 
order of increasing thickness): microfilaments, intermediate filaments, and 
microtubules. Each cytoskeletal component performs unique functions as 
well as provides a supportive framework for the cell. 


Interactive Link Questions 


Exercise: 


Problem: 


Watch this video to learn about the endomembrane system, which 
includes the rough and smooth ER and the Golgi body as well as 
lysosomes and vesicles. What is the primary role of the endomembrane 
system? 


Solution: 


Processing, packaging, and moving materials manufactured by the cell. 


Review Questions 


Exercise: 
Problem: 
Choose the term that best completes the following analogy: Cytoplasm 


is to cytosol as a swimming pool containing chlorine and flotation toys 
is to 


a. the walls of the pool 
b. the chlorine 

c. the flotation toys 

d. the water 


Solution: 


D 
Exercise: 


Problem: 
The rough ER has its name due to what associated structures? 


a. Golgi apparatus 
b. ribosomes 


c. lysosomes 
d. proteins 


Solution: 


B 


Exercise: 


Problem: Which of the following is a function of the rough ER? 


a. production of proteins 

b. detoxification of certain substances 

c. synthesis of steroid hormones 

d. regulation of intracellular calcium concentration 


Solution: 


A 
Exercise: 


Problem: 


Which of the following is a feature common to all three components of 
the cytoskeleton? 


a. They all serve to scaffold the organelles within the cell. 
b. They are all characterized by roughly the same diameter. 
c. They are all polymers of protein subunits. 

d. They all help the cell resist compression and tension. 


Solution: 


C 


Exercise: 


Problem: 


Which of the following organelles produces large quantities of ATP 
when both glucose and oxygen are available to the cell? 


a. mitochondria 
b. peroxisomes 
c. lysosomes 

d. ER 


Solution: 


A 


Critical Thinking Questions 


Exercise: 


Problem: 


Explain why the structure of the ER, mitochondria, and Golgi 
apparatus assist their respective functions. 


Solution: 


The structure of the Golgi apparatus is suited to its function because it 
is a series of flattened membranous discs; substances are modified and 
packaged in sequential steps as they travel from one disc to the next. 
The structure of Golgi apparatus also involves a receiving face anda 
sending face, which organize cellular products as they enter and leave 
the Golgi apparatus. The ER and the mitochondria both have structural 
specializations that increase their surface area. In the mitochondria, the 
inner membrane is extensively folded, which increases surface area for 
ATP production. Likewise, the ER is elaborately wound throughout the 
cell, increasing its surface area for functions like lipid synthesis, Ca** 
storage, and protein synthesis. 


Exercise: 
Problem: 


Compare and contrast lysosomes with peroxisomes: name at least two 
similarities and one difference. 


Solution: 


Peroxisomes and lysosomes are both cellular organelles bound by lipid 
bilayer membranes, and they both contain many enzymes. However, 
peroxisomes contain enzymes that detoxify substances by transferring 
hydrogen atoms and producing H»O>, whereas the enzymes in 
lysosomes function to break down and digest various unwanted 
materials. 
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Glossary 


autolysis 
breakdown of cells by their own enzymatic action 


autophagy 
lysosomal breakdown of a cell’s own components 


centriole 
small, self-replicating organelle that provides the origin for 
microtubule growth and moves DNA during cell division 


cilia 


small appendage on certain cells formed by microtubules and modified 
for movement of materials across the cellular surface 


cytoplasm 
internal material between the cell membrane and nucleus of a cell, 
mainly consisting of a water-based fluid called cytosol, within which 
are all the other organelles and cellular solute and suspended materials 


cytoskeleton 
“skeleton” of a cell; formed by rod-like proteins that support the cell’s 
shape and provide, among other functions, locomotive abilities 


cytosol 
clear, semi-fluid medium of the cytoplasm, made up mostly of water 


endoplasmic reticulum (ER) 
cellular organelle that consists of interconnected membrane-bound 
tubules, which may or may not be associated with ribosomes (rough 
type or smooth type, respectively) 


flagellum 
appendage on certain cells formed by microtubules and modified for 
movement 


Golgi apparatus 
cellular organelle formed by a series of flattened, membrane-bound 
sacs that functions in protein modification, tagging, packaging, and 
transport 


intermediate filament 
type of cytoskeletal filament made of keratin, characterized by an 
intermediate thickness, and playing a role in resisting cellular tension 


lysosome 
membrane-bound cellular organelle originating from the Golgi 


apparatus and containing digestive enzymes 


microfilament 


the thinnest of the cytoskeletal filaments; composed of actin subunits 
that function in muscle contraction and cellular structural support 


microtubule 
the thickest of the cytoskeletal filaments, composed of tubulin subunits 
that function in cellular movement and structural support 


mitochondrion 
one of the cellular organelles bound by a double lipid bilayer that 
function primarily in the production of cellular energy (ATP) 


mutation 
change in the nucleotide sequence in a gene within a cell’s DNA 


nucleus 
cell’s central organelle; contains the cell’s DNA 


organelle 
any of several different types of membrane-enclosed specialized 
structures in the cell that perform specific functions for the cell 


peroxisome 
membrane-bound organelle that contains enzymes primarily 
responsible for detoxifying harmful substances 


reactive oxygen species (ROS) 
a group of extremely reactive peroxides and oxygen-containing 
radicals that may contribute to cellular damage 


ribosome 
cellular organelle that functions in protein synthesis 


3.3 The Nucleus and DNA Replication fvcc104 
By the end of this section, you will be able to: 


e Describe the structure and features of the nuclear membrane 

e List the contents of the nucleus 

e Explain the organization of the DNA molecule within the nucleus 
¢ Describe the process of DNA replication 


The nucleus is the largest and most prominent of a cell’s organelles ({link]). 
The nucleus is generally considered the control center of the cell because it 
stores all of the genetic instructions for manufacturing proteins. 
Interestingly, some cells in the body, such as muscle cells, contain more 
than one nucleus ({link]), which is known as multinucleated. Other cells, 
such as mammalian red blood cells (RBCs), do not contain nuclei at all. 
RBCs eject their nuclei as they mature, making space for the large numbers 
of hemoglobin molecules that carry oxygen throughout the body ((Link]). 
Without nuclei, the life span of RBCs is short, and so the body must 
produce new ones constantly. 

The Nucleus 
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The nucleus is the control center of the 
cell. The nucleus of living cells contains 
the genetic material that determines the 
entire structure and function of that cell. 


Multinucleate Muscle Cell 
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Unlike cardiac muscle cells and smooth 
muscle cells, which have a single nucleus, 
a skeletal muscle cell contains many 
nuclei, and is referred to as 
“multinucleated.” These muscle cells are 
long and fibrous (often referred to as 
muscle fibers). During development, 
many smaller cells fuse to form a mature 
muscle fiber. The nuclei of the fused cells 
are conserved in the mature cell, thus 
imparting a multinucleate characteristic to 
mature muscle cells. LM x 104.3. 
(Micrograph provided by the Regents of 
University of Michigan Medical School © 
2012) 


Note: 
View the University of Michigan WebScope to explore the tissue sample in 
greater detail. 
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Mature red blood cells lack a nucleus. As they mature, 
erythroblasts extrude their nucleus, making room for 
more hemoglobin. The two panels here show an 
erythroblast before and after ejecting its nucleus, 
respectively. (credit: modification of micrograph 
provided by the Regents of University of Michigan 
Medical School © 2012) 


Note: 
View the University of Michigan WebScope to explore the tissue sample in 
greater detail. 


Inside the nucleus lies the blueprint that dictates everything a cell will do 
and all of the products it will make. This information is stored within DNA. 
The nucleus sends “commands” to the cell via molecular messengers that 
translate the information from DNA. Each cell in your body (with the 
exception of germ cells) contains the complete set of your DNA. When a 
cell divides, the DNA must be duplicated so that the each new cell receives 


a full complement of DNA. The following section will explore the structure 
of the nucleus and its contents, as well as the process of DNA replication. 


Organization of the Nucleus and Its DNA 


Like most other cellular organelles, the nucleus is surrounded by a 
membrane called the nuclear envelope. This membranous covering 
consists of two adjacent lipid bilayers with a thin fluid space in between 
them. Spanning these two bilayers are nuclear pores. A nuclear pore is a 
tiny passageway for the passage of proteins, RNA, and solutes between the 
nucleus and the cytoplasm. Proteins called pore complexes lining the 
nuclear pores regulate the passage of materials into and out of the nucleus. 


Inside the nuclear envelope is a gel-like nucleoplasm with solutes that 
include the building blocks of nucleic acids. There also can be a dark- 
staining mass often visible under a simple light microscope, called a 
nucleolus (plural = nucleoli). The nucleolus is a region of the nucleus that 
is responsible for manufacturing the RNA necessary for construction of 
ribosomes. Once synthesized, newly made ribosomal subunits exit the cell’s 
nucleus through the nuclear pores. 


The genetic instructions that are used to build and maintain an organism are 
arranged in an orderly manner in strands of DNA. Within the nucleus are 
threads of chromatin composed of DNA and associated proteins ([link]). 
Along the chromatin threads, the DNA is wrapped around a set of histone 
proteins. A nucleosome is a single, wrapped DNA-histone complex. 
Multiple nucleosomes along the entire molecule of DNA appear like a 
beaded necklace, in which the string is the DNA and the beads are the 
associated histones. When a cell is in the process of division, the chromatin 
condenses into chromosomes, so that the DNA can be safely transported to 
the “daughter cells.” The chromosome is composed of DNA and proteins; 
it is the condensed form of chromatin. It is estimated that humans have 
almost 22,000 genes distributed on 46 chromosomes. 

DNA Macrostructure 
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ATGACGGATCAGCCGCAAGCGGAAT TGGCGACATAA 


TACTGCCTAGTCGGCGTTCGCCTTAACCGCTGTATT 


Strands of DNA are wrapped around 
supporting histones. These proteins are 
increasingly bundled and condensed into 
chromatin, which is packed tightly into 
chromosomes when the cell is ready to divide. 


DNA Replication 


In order for an organism to grow, develop, and maintain its health, cells 
must reproduce themselves by dividing to produce two new daughter cells, 
each with the full complement of DNA as found in the original cell. 
Billions of new cells are produced in an adult human every day. Only very 
few cell types in the body do not divide, including nerve cells, skeletal 
muscle fibers, and cardiac muscle cells. The division time of different cell 
types varies. Epithelial cells of the skin and gastrointestinal lining, for 
instance, divide very frequently to replace those that are constantly being 
rubbed off of the surface by friction. 

Molecular Structure of DNA 
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The DNA double helix is composed of two 
complementary strands. The strands are bonded 
together via their nitrogenous base pairs using 
hydrogen bonds. 


DNA replication is the copying of DNA that occurs before cell division 
can take place. After a great deal of debate and experimentation, the general 
method of DNA replication was deduced in 1958 by two scientists in 
California, Matthew Meselson and Franklin Stahl. This method is illustrated 
in [link] and described below. 

DNA Replication 
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DNA replication faithfully duplicates the entire 
genome of the cell. During DNA replication, a number 
of different enzymes work together to pull apart the 
two strands so each strand can be used as a template to 
synthesize new complementary strands. The two new 
daughter DNA molecules each contain one pre- 
existing strand and one newly synthesized strand. 
Thus, DNA replication is said to be 
“semiconservative.” 


Note: 

Watch this video to learn about DNA replication. DNA replication 
proceeds simultaneously at several sites on the same molecule. What 
separates the base pair at the start of DNA replication? 


Chapter Review 


The nucleus is the command center of the cell, containing the genetic 
instructions for all of the materials a cell will make (and thus all of its 
functions it can perform). The nucleus is encased within a membrane of two 
interconnected lipid bilayers, side-by-side. This nuclear envelope is studded 
with protein-lined pores that allow materials to be trafficked into and out of 
the nucleus. The nucleus contains one or more nucleoli, which serve as sites 
for ribosome synthesis. The nucleus houses the genetic material of the cell: 
DNA. DNA is normally found as a loosely contained structure called 
chromatin within the nucleus, where it is wound up and associated with a 
variety of histone proteins. When a cell is about to divide, the chromatin 
coils tightly and condenses to form chromosomes. 


There is a pool of cells constantly dividing within your body. The result is 
billions of new cells being created each day. Before any cell is ready to 
divide, it must replicate its DNA so that each new daughter cell will receive 
an exact copy of the organism’s genome. A variety of enzymes are enlisted 
during DNA replication. These enzymes unwind the DNA molecule, 
separate the two strands, and assist with the building of complementary 
strands along each parent strand. The original DNA strands serve as 
templates from which the nucleotide sequence of the new strands are 
determined and synthesized. When replication is completed, two identical 
DNA molecules exist. Each one contains one original strand and one newly 
synthesized complementary strand. 


Interactive Link Questions 


Exercise: 


Problem: 
Watch this video to learn about DNA replication. DNA replication 
proceeds simultaneously at several sites on the same molecule. What 


separates the base pair at the start of DNA replication? 


Solution: 


an enzyme 


Review Questions 


Exercise: 


Problem: 
The nucleus and mitochondria share which of the following features? 


a. protein-lined membrane pores 

b. a double cell membrane 

c. the synthesis of ribosomes 

d. the production of cellular energy 


Solution: 


B 
Exercise: 
Problem: 


Which of the following structures could be found within the 
nucleolus? 


a. chromatin 

b. histones 

c. ribosomes 

d. nucleosomes 


Solution: 


C 
Exercise: 


Problem: 


Which of the following sequences on a DNA molecule would be 
complementary to GCTTATAT? 


a. TAGGCGCG 
b, ATCCGEGG 
c. CGAATATA 
Gd, EGCCIGE 


Solution: 


C 
Exercise: 
Problem: 


Place the following structures in order from least to most complex 
organization: chromatin, nucleosome, DNA, chromosome 


a. DNA, nucleosome, chromatin, chromosome 
b. nucleosome, DNA, chromosome, chromatin 
c. DNA, chromatin, nucleosome, chromosome 
d. nucleosome, chromatin, DNA, chromosome 


Solution: 


A 
Exercise: 
Problem: 


Which of the following is part of the elongation step of DNA 
synthesis? 


a. pulling apart the two DNA strands 

b. attaching complementary nucleotides to the template strand 
c. untwisting the DNA helix 

d. none of the above 


Solution: 


Critical Thinking Questions 


Exercise: 


Problem: 


Explain in your own words why DNA replication is said to be 
“semiconservative”? 


Solution: 


DNA replication is said to be semiconservative because, after 
replication is complete, one of the two parent DNA strands makes up 
half of each new DNA molecule. The other half is a newly synthesized 
strand. Therefore, half (“semi”) of each daughter DNA molecule is 
from the parent molecule and half is a new molecule. 


Exercise: 


Problem: 


Why is it important that DNA replication take place before cell 
division? What would happen if cell division of a body cell took place 
without DNA replication, or when DNA replication was incomplete? 


Solution: 


During cell division, one cell divides to produce two new cells. In 
order for all of the cells in your body to maintain a full genome, each 
cell must replicate its DNA before it divides so that a full genome can 
be allotted to each of its offspring cells. If DNA replication did not 
take place fully, or at all, the offspring cells would be missing some or 
all of the genome. This could be disastrous if a cell was missing genes 
necessary for its function and health. 


Glossary 


chromatin 
substance consisting of DNA and associated proteins 


chromosome 
condensed version of chromatin 


DNA polymerase 
enzyme that functions in adding new nucleotides to a growing strand 
of DNA during DNA replication 


DNA replication 
process of duplicating a molecule of DNA 


genome 
entire complement of an organism’s DNA; found within virtually 
every cell 


helicase 
enzyme that functions to separate the two DNA strands of a double 
helix during DNA replication 


histone 
family of proteins that associate with DNA in the nucleus to form 
chromatin 


nuclear envelope 
membrane that surrounds the nucleus; consisting of a double lipid- 
bilayer 


nuclear pore 
one of the small, protein-lined openings found scattered throughout the 
nuclear envelope 


nucleolus 
small region of the nucleus that functions in ribosome synthesis 


nucleosome 


unit of chromatin consisting of a DNA strand wrapped around histone 
proteins 


3.4 Protein Synthesis fvcc104 
By the end of this section, you will be able to: 


e Explain how the genetic code stored within DNA determines the 
protein that will form 

¢ Describe the process of transcription 

e Describe the process of translation 

e Discuss the function of ribosomes 


It was mentioned earlier that DNA provides a “blueprint” for the cell 
structure and physiology. This refers to the fact that DNA contains the 
information necessary for the cell to build one very important type of 
molecule: the protein. Most structural components of the cell are made up, 
at least in part, by proteins and virtually all the functions that a cell carries 
out are completed with the help of proteins. One of the most important 
classes of proteins is enzymes, which help speed up necessary biochemical 
reactions that take place inside the cell. Some of these critical biochemical 
reactions include building larger molecules from smaller components (such 
as occurs during DNA replication or synthesis of microtubules) and 
breaking down larger molecules into smaller components (such as when 
harvesting chemical energy from nutrient molecules). Whatever the cellular 
process may be, it is almost sure to involve proteins. Just as the cell’s 
genome describes its full complement of DNA, a cell’s proteome is its full 
complement of proteins. Protein synthesis begins with genes. A gene is a 
functional segment of DNA that provides the genetic information necessary 
to build a protein. Each particular gene provides the code necessary to 
construct a particular protein. Gene expression, which transforms the 
information coded in a gene to a final gene product, ultimately dictates the 
structure and function of a cell by determining which proteins are made. 
The Genetic Code 


Template strand pT 
TACGGCGTTAGACAAGTGCGTGAGTACACA 
ATGCCGCAATCTGTTCACGCACTCATGTGT 
a a a 


Transcription 

AUGCCGCAAUCUGUUCACGCACUCAUGUGU 
RNA A tt, 
Translation 
Protein Met Pro Gin Ser Val His Ala Leu Met Cys 


DNA holds all of the genetic information 
necessary to build a cell’s proteins. The 
nucleotide sequence of a gene is ultimately 
translated into an amino acid sequence of 
the gene’s corresponding protein. 


From DNA to RNA: Transcription 


Messenger RNA 

DNA is housed within the nucleus, and protein synthesis takes place in the 
cytoplasm, thus there must be some sort of intermediate messenger that 
leaves the nucleus and manages protein synthesis. This intermediate 
messenger is messenger RNA (mRNA), a single-stranded nucleic acid that 
carries a copy of the genetic code for a single gene out of the nucleus and 
into the cytoplasm where it is used to produce proteins. 


Transcription 

Transcription, is the synthesis of a strand of mRNA that is complementary 
to the gene of interest. This process is called transcription because the 
mRNA is like a transcript, or copy, of the gene’s DNA code. Transcription 
begins when a small portion of the DNA is split. The DNA molecule is used 
as the template to transcribe the complementary strand of RNA ((link]). 
Transcription: from DNA to mRNA 


ATGACGGATCAGCCGC AAG 
VACUGCCUAGUCGGCGUU 


RNA Transcript 


TACTGCCTAGTCGGCGTTCGCCTTAACCGCTGTATT 


In the first of the two stages of making protein from DNA, a 
gene on the DNA molecule is transcribed into a 
complementary mRNA molecule. 


Once the mRNA molecule leaves the nucleus protein synthesis can begin. 


From RNA to Protein: Translation 


Like translating a book from one language into another, the codons on a 
strand of mRNA must be translated into the amino acid alphabet of 
proteins. Translation is the process of synthesizing a chain of amino acids 
called a polypeptide. Translation requires two major aids: first, a 
“translator,” the molecule that will conduct the translation, and second, a 
substrate on which the mRNA strand is translated into a new protein, like 
the translator’s “desk.” Both of these requirements are fulfilled by other 
types of RNA. The substrate on which translation takes place is the 
ribosome. 


Ribosomes 


Ribosomes exist in the cytoplasm as two distinct components, a small and a 
large subunit. When an mRNA molecule is ready to be translated, the two 
subunits come together and attach to the mRNA. 

Translation from RNA to Protein 


Large ribosomal 
subunit 


Amino 
acid 


tRNA 


Anticodon 


—=—_ * 


Codon 


a | 


mRNA 


Small —— 
subunit 


UJ 


Polypeptide chain 


BRE « 


During translation, the 
mRNA transcript is “read” by 
a functional complex 
consisting of the ribosome 
and tRNA molecules. tRNAs 
bring the appropriate amino 
acids in sequence to the 
growing polypeptide chain by 
matching their anti-codons 


with codons on the mRNA 
strand. 


From DNA to Protein: Transcription through Translation 


Translation 


Transcription within the cell 
nucleus produces an MRNA 
molecule, which is modified 
and then sent into the 
cytoplasm for translation. 
The transcript is decoded into 
a protein with the help of a 
ribosome and tRNA 
molecules. 


Note: 

Watch this video to learn about ribosomes. The ribosome binds to the 
mRNA molecule to start translation of its code into a protein. What 
happens to the small and large ribosomal subunits at the end of translation? 


Chapter Review 


DNA stores the information necessary for instructing the cell to perform all 
of its functions. Cells use the genetic code stored within DNA to build 
proteins, which ultimately determine the structure and function of the cell. 
This genetic code lies in the particular sequence of nucleotides that make up 
each gene along the DNA molecule. To “read” this code, the cell must 
perform two sequential steps. In the first step, transcription, the DNA code 
is converted into a RNA code. A molecule of messenger RNA that is 
complementary to a specific gene is synthesized in a process similar to 
DNA replication. The molecule of mRNA provides the code to synthesize a 
protein. In the process of translation, the mRNA attaches to a ribosome. 
Next, tRNA molecules shuttle the appropriate amino acids to the ribosome, 
one-by-one, coded by sequential triplet codons on the mRNA, until the 
protein is fully synthesized. When completed, the mRNA detaches from the 
ribosome, and the protein is released. Typically, multiple ribosomes attach 
to a single mRNA molecule at once such that multiple proteins can be 
manufactured from the mRNA concurrently. 


Interactive Link Questions 


Exercise: 


Problem: 


Watch this video to learn about ribosomes. The ribosome binds to the 
mRNA molecule to start translation of its code into a protein. What 
happens to the small and large ribosomal subunits at the end of 
translation? 


Solution: 


They separate and move and are free to join translation of other 
segments of mRNA. 


Review Questions 


Exercise: 


Problem: 
Which of the following is not a difference between DNA and RNA? 


a. DNA contains thymine whereas RNA contains uracil 

b. DNA contains deoxyribose and RNA contains ribose 

c. DNA contains alternating sugar-phosphate molecules whereas 
RNA does not contain sugars 

d. RNA is single stranded and DNA is double stranded 


Solution: 


CG 
Exercise: 
Problem: 


Transcription and translation take place in the and 
, respectively. 


a. nucleus; cytoplasm 
b. nucleolus; nucleus 
c. nucleolus; cytoplasm 
d. cytoplasm; nucleus 


Solution: 


A 
Exercise: 


Problem: 


How many “letters” of an RNA molecule, in sequence, does it take to 
provide the code for a single amino acid? 


Ao op 
BRWNeP 


Solution: 


‘S 


Exercise: 


Problem: Which of the following is not made out of RNA? 


a. the carriers that shuffle amino acids to a growing polypeptide 
strand 

b. the ribosome 

c. the messenger molecule that provides the code for protein 
synthesis 

d. the intron 


Solution: 


B 


Critical Thinking Questions 


Exercise: 


Problem: 


Briefly explain the similarities between transcription and DNA 
replication. 


Solution: 


Transcription and DNA replication both involve the synthesis of 
nucleic acids. These processes share many common features— 
particularly, the similar processes of initiation, elongation, and 
termination. In both cases the DNA molecule must be untwisted and 
separated, and the coding (i.e., sense) strand will be used as a template. 
Also, polymerases serve to add nucleotides to the growing DNA or 
mRNA strand. Both processes are signaled to terminate when 
completed. 


Exercise: 


Problem: 


Contrast transcription and translation. Name at least three differences 
between the two processes. 


Solution: 


Transcription is really a “copy” process and translation is really an 
“interpretation” process, because transcription involves copying the 
DNA message into a very similar RNA message whereas translation 
involves converting the RNA message into the very different amino 
acid message. The two processes also differ in their location: 
transcription occurs in the nucleus and translation in the cytoplasm. 
The mechanisms by which the two processes are performed are also 
completely different: transcription utilizes polymerase enzymes to 
build mRNA whereas translation utilizes different kinds of RNA to 
build protein. 


Glossary 


anticodon 
consecutive sequence of three nucleotides on a tRNA molecule that is 
complementary to a specific codon on an MRNA molecule 


codon 
consecutive sequence of three nucleotides on an MRNA molecule that 
corresponds to a specific amino acid 


exon 
one of the coding regions of an MRNA molecule that remain after 
splicing 


gene 
functional length of DNA that provides the genetic information 
necessary to build a protein 


gene expression 
active interpretation of the information coded in a gene to produce a 
functional gene product 


intron 
non-coding regions of a pre-mRNA transcript that may be removed 
during splicing 


messenger RNA (mRNA) 
nucleotide molecule that serves as an intermediate in the genetic code 
between DNA and protein 


polypeptide 
chain of amino acids linked by peptide bonds 


polyribosome 
simultaneous translation of a single mRNA transcript by multiple 
ribosomes 


promoter 
region of DNA that signals transcription to begin at that site within the 
gene 


proteome 
full complement of proteins produced by a cell (determined by the 
cell’s specific gene expression) 


ribosomal RNA (rRNA) 
RNA that makes up the subunits of a ribosome 


RNA polymerase 
enzyme that unwinds DNA and then adds new nucleotides to a 
growing strand of RNA for the transcription phase of protein synthesis 


spliceosome 
complex of enzymes that serves to splice out the introns of a pre- 
mRNA transcript 


splicing 
the process of modifying a pre-mRNA transcript by removing certain, 
typically non-coding, regions 


transcription 
process of producing an mRNA molecule that is complementary to a 
particular gene of DNA 


transfer RNA (tRNA) 
molecules of RNA that serve to bring amino acids to a growing 
polypeptide strand and properly place them into the sequence 


translation 
process of producing a protein from the nucleotide sequence code of 
an mRNA transcript 


triplet 
consecutive sequence of three nucleotides on a DNA molecule that, 
when transcribed into an MRNA codon, corresponds to a particular 
amino acid 


3.5 Cell Growth and Division fvcc104 
By the end of this section, you will be able to: 


e Describe the stages of the cell cycle 

e Discuss how the cell cycle is regulated 

e Describe the implications of losing control over the cell cycle 
e Describe the stages of mitosis and cytokinesis, in order 


So far in this chapter, you have read numerous times of the importance and 
prevalence of cell division. While there are a few cells in the body that do 
not undergo cell division (such as gametes, red blood cells, most neurons, 
and some muscle cells), most somatic cells divide regularly. A somatic cell 
is a general term for a body cell, and all human cells, except for the cells 
that produce eggs and sperm (which are referred to as germ cells), are 
somatic cells. Somatic cells contain two copies of each of their 
chromosomes (one copy received from each parent). A homologous pair of 
chromosomes is the two copies of a single chromosome found in each 
somatic cell. The human is a diploid organism, having 23 homologous pairs 
of chromosomes in each of the somatic cells. The condition of having pairs 
of chromosomes is known as diploidy. 


Cells in the body replace themselves over the lifetime of a person. For 
example, the cells lining the gastrointestinal tract must be frequently 
replaced when constantly “worn off” by the movement of food through the 
gut. But what triggers a cell to divide, and how does it prepare for and 
complete cell division? The cell cycle is the sequence of events in the life of 
the cell from the moment it is created at the end of a previous cycle of cell 
division until it then divides itself, generating two new cells. 


The Cell Cycle 


One “turn” or cycle of the cell cycle consists of two general phases: 
interphase, followed by mitosis and cytokinesis. Interphase is the period of 
the cell cycle during which the cell is not dividing. The majority of cells are 
in interphase most of the time. Mitosis is the division of genetic material, 
during which the cell nucleus breaks down and two new, fully functional, 


nuclei are formed. Cytokinesis divides the cytoplasm into two distinctive 
cells. 


Interphase 


A cell grows and carries out all normal metabolic functions and processes 
in a period called G, ({link]). G; phase (gap 1 phase) is the first gap, or 
growth phase in the cell cycle. For cells that will divide again, G, is 
followed by replication of the DNA, during the S phase. The S phase 
(synthesis phase) is period during which a cell replicates its DNA. 

Cell Cycle 


The two major phases of the 
cell cycle include mitosis 
(cell division), and 
interphase, when the cell 
grows and performs all of its 
normal functions. Interphase 
is further subdivided into G, 
S, and G» phases. 


After the synthesis phase, the cell proceeds through the G» phase. The Gp 
phase is a second gap phase, during which the cell continues to grow and 
makes the necessary preparations for mitosis. Between Gj, S, and Gp 


phases, cells will vary the most in their duration of the G1 phase. It is here 
that a cell might spend a couple of hours, or many days. The S phase 
typically lasts between 8-10 hours and the G> phase approximately 5 hours. 


In contrast to these phases, the Gg phase is a resting phase of the cell cycle. 


Cells that have temporarily stopped dividing and are resting (a common 
condition) and cells that have permanently ceased dividing (like nerve cells) 
are said to be in Go. 


The Structure of Chromosomes 


Billions of cells in the human body divide every day. During the synthesis 
phase (S, for DNA synthesis) of interphase, the amount of DNA within the 
cell precisely doubles. Therefore, after DNA replication but before cell 
division, each cell actually contains two copies of each chromosome. Each 
copy of the chromosome is referred to as a sister chromatid and is 
physically bound to the other copy. The centromere is the structure that 
attaches one sister chromatid to another. Because a human cell has 46 
chromosomes, during this phase, there are 92 chromatids (46 x 2) in the 
cell. Make sure not to confuse the concept of a pair of chromatids (one 


chromosome and its exact copy attached during mitosis) and a homologous 


pair of chromosomes (two paired chromosomes which were inherited 
separately, one from each parent) ((link]). 


Homologous 
chromosomes 


A Homologous Pair of Chromosomes with their Attached Sister Chromatids 


Centromere 


Koo NUNS 


ii 


Kinetochore 


Sister chromatids 


i oii! 


The red and blue colors 
correspond to a 


homologous pair of 
chromosomes. Each 
member of the pair was 
separately inherited from 
one parent. Each 
chromosome in the 
homologous pair is also 
bound to an identical 
sister chromatid, which is 
produced by DNA 
replication, and results in 
the familiar “X” shape. 


Mitosis and Cytokinesis 


The mitotic phase of the cell typically takes between 1 and 2 hours. During 
this phase, a cell undergoes two major processes. First, it completes mitosis, 
during which the contents of the nucleus are equitably pulled apart and 
distributed between its two halves. Cytokinesis then occurs, dividing the 
cytoplasm and cell body into two new cells. Mitosis is divided into four 
major stages that take place after interphase ([link]) and in the following 
order: prophase, metaphase, anaphase, and telophase. The process is then 
followed by cytokinesis. 

Cell Division: Mitosis Followed by Cytokinesis 


* Chromosomes 
condense and 
become visible 


¢ Spindle fibers 
emerge from the 
centrosomes 


¢ Nuclear envelope 
breaks down 


* Centrosomes 
move toward 
opposite poles 


* Chromosomes 
continue to 
condense 


* Kinetochores 
appear at the 
centromeres 


* Mitotic spindle 
microtubules 
attach to 
kinetochores 


¢ Chromosomes 
are lined up at 
the metaphase 
plate 


Each sister 
chromatid is 
attached to a 
spindle fiber 
originating from 
opposite poles 


* Centromeres 
split in two 


* Sister 
chromatids 
(now called 
chromosomes) 
are pulled toward 
opposite poles 


* Certain spindle 
fibers begin to 
elongate the cell 


* Chromosomes 
arrive at opposite 
poles and begin 
to decondense 


¢ Nuclear envelope 
material 
surrounds 
each set of 
chromosomes 


¢ The mitotic 
spindle breaks 
down 


Tse 


¢ Animal cells: a 
cleavage furrow 
separates the 
daughter cells 


¢ Plant cells: a cell 
plate, the 
precursor to a 
new cell wall, 
separates the 
daughter cells 


* Spindle fibers 
continue to push 
poles apart 


MITOSIS 


The stages of cell division oversee the separation of identical genetic 
material into two new nuclei, followed by the division of the 
cytoplasm. 


Prophase is the first phase of mitosis, during which the loosely packed 
chromatin coils and condenses into visible chromosomes. During prophase, 
each chromosome becomes visible with its identical partner attached, 
forming the familiar X-shape of sister chromatids. The nucleolus disappears 
early during this phase, and the nuclear envelope also disintegrates. 


A major occurrence during prophase concerns a very important structure 
that contains the origin site for microtubule growth. Recall the cellular 
structures called centrioles that serve as origin points from which 
microtubules extend. These tiny structures also play a very important role 


during mitosis. A centrosome is a pair of centrioles together. The cell 
contains two centrosomes side-by-side, which begin to move apart during 
prophase. As the centrosomes migrate to two different sides of the cell, 
microtubules begin to extend from each like long fingers from two hands 
extending toward each other. The mitotic spindle is the structure composed 
of the centrosomes and their emerging microtubules. 


Near the end of prophase there is an invasion of the nuclear area by 
microtubules from the mitotic spindle. The nuclear membrane has 
disintegrated, and the microtubules attach themselves to the centromeres 
that adjoin pairs of sister chromatids. The kinetochore is a protein structure 
on the centromere that is the point of attachment between the mitotic 
spindle and the sister chromatids. This stage is referred to as late prophase 
or “prometaphase” to indicate the transition between prophase and 
metaphase. 


Metaphase is the second stage of mitosis. During this stage, the sister 
chromatids, with their attached microtubules, line up along a linear plane in 
the middle of the cell. A metaphase plate forms between the centrosomes 
that are now located at either end of the cell. The metaphase plate is the 
name for the plane through the center of the spindle on which the sister 
chromatids are positioned. The microtubules are now poised to pull apart 
the sister chromatids and bring one from each pair to each side of the cell. 


Anaphase is the third stage of mitosis. Anaphase takes place over a few 
minutes, when the pairs of sister chromatids are separated from one another, 
forming individual chromosomes once again. These chromosomes are 
pulled to opposite ends of the cell by their kinetochores, as the microtubules 
shorten. Each end of the cell receives one partner from each pair of sister 
chromatids, ensuring that the two new daughter cells will contain identical 
genetic material. 


Telophase is the final stage of mitosis. Telophase is characterized by the 
formation of two new daughter nuclei at either end of the dividing cell. 
These newly formed nuclei surround the genetic material, which uncoils 
such that the chromosomes return to loosely packed chromatin. Nucleoli 
also reappear within the new nuclei, and the mitotic spindle breaks apart, 
each new cell receiving its own complement of DNA, organelles, 


membranes, and centrioles. At this point, the cell is already beginning to 
split in half as cytokinesis begins. 


The cleavage furrow is a contractile band made up of microfilaments that 
forms around the midline of the cell during cytokinesis. (Recall that 
microfilaments consist of actin.) This contractile band squeezes the two 
cells apart until they finally separate. Two new cells are now formed. One 
of these cells (the “stem cell”) enters its own cell cycle; able to grow and 
divide again at some future time. The other cell transforms into the 
functional cell of the tissue, typically replacing an “old” cell there. 


Imagine a cell that completed mitosis but never underwent cytokinesis. In 
some cases, a cell may divide its genetic material and grow in size, but fail 
to undergo cytokinesis. This results in larger cells with more than one 
nucleus. Usually this is an unwanted aberration and can be a sign of 
cancerous cells. 


Cell Cycle Control 


A very elaborate and precise system of regulation controls direct the way 
cells proceed from one phase to the next in the cell cycle and begin mitosis. 
The control system involves molecules within the cell as well as external 
triggers. These internal and external control triggers provide “stop” and 
“advance” signals for the cell. Precise regulation of the cell cycle is critical 
for maintaining the health of an organism, and loss of cell cycle control can 
lead to cancer. 


Mechanisms of Cell Cycle Control 


As the cell proceeds through its cycle, each phase involves certain 
processes that must be completed before the cell should advance to the next 
phase. A checkpoint is a point in the cell cycle at which the cycle can be 
signaled to move forward or stopped. At each of these checkpoints, 
different varieties of molecules provide the stop or go signals, depending on 
certain conditions within the cell. A cyclin is one of the primary classes of 
cell cycle control molecules ([link]). A cyclin-dependent kinase (CDK) is 


one of a group of molecules that work together with cyclins to determine 
progression past cell checkpoints. By interacting with many additional 
molecules, these triggers push the cell cycle forward unless prevented from 
doing so by “stop” signals, if for some reason the cell is not ready. At the 
G, checkpoint, the cell must be ready for DNA synthesis to occur. At the G5 
checkpoint the cell must be fully prepared for mitosis. Even during mitosis, 
a crucial stop and go checkpoint in metaphase ensures that the cell is fully 
prepared to complete cell division. The metaphase checkpoint ensures that 
all sister chromatids are properly attached to their respective microtubules 
and lined up at the metaphase plate before the signal is given to separate 
them during anaphase. 
Control of the Cell Cycle 


G, Checkpoint 


M checkpoint 


G, Checkpoint 
(restriction) 


Cells proceed through the cell cycle 
under the control of a variety of 
molecules, such as cyclins and cyclin- 
dependent kinases. These control 
molecules determine whether or not 
the cell is prepared to move into the 
following stage. 


The Cell Cycle Out of Control: Implications 


Most people understand that cancer or tumors are caused by abnormal cells 
that multiply continuously. If the abnormal cells continue to divide 
unstopped, they can damage the tissues around them, spread to other parts 
of the body, and eventually result in death. In healthy cells, the tight 
regulation mechanisms of the cell cycle prevent this from happening, while 
failures of cell cycle control can cause unwanted and excessive cell 
division. Failures of control may be caused by inherited genetic 
abnormalities that compromise the function of certain “stop” and “go” 
signals. Environmental insult that damages DNA can also cause 
dysfunction in those signals. Often, a combination of both genetic 
predisposition and environmental factors lead to cancer. 


The process of a cell escaping its normal control system and becoming 
cancerous may actually happen throughout the body quite frequently. 
Fortunately, certain cells of the immune system are capable of recognizing 
cells that have become cancerous and destroying them. However, in certain 
cases the cancerous cells remain undetected and continue to proliferate. If 
the resulting tumor does not pose a threat to surrounding tissues, it is said to 
be benign and can usually be easily removed. If capable of damage, the 
tumor is considered malignant and the patient is diagnosed with cancer. 


Note: 

Homeostatic Imbalances 

Cancer Arises from Homeostatic Imbalances 

Cancer is an extremely complex condition, capable of arising from a wide 
variety of genetic and environmental causes. Typically, mutations or 
aberrations in a cell’s DNA that compromise normal cell cycle control 
systems lead to cancerous tumors. Cell cycle control is an example of a 
homeostatic mechanism that maintains proper cell function and health. 
While progressing through the phases of the cell cycle, a large variety of 
intracellular molecules provide stop and go signals to regulate movement 
forward to the next phase. These signals are maintained in an intricate 
balance so that the cell only proceeds to the next phase when it is ready. 
This homeostatic control of the cell cycle can be thought of like a car’s 


cruise control. Cruise control will continually apply just the right amount 
of acceleration to maintain a desired speed, unless the driver hits the 
brakes, in which case the car will slow down. Similarly, the cell includes 
molecular messengers, such as cyclins, that push the cell forward in its 
cycle. 

In addition to cyclins, a class of proteins that are encoded by genes called 
proto-oncogenes provide important signals that regulate the cell cycle and 
move it forward. Examples of proto-oncogene products include cell- 
surface receptors for growth factors, or cell-signaling molecules, two 
classes of molecules that can promote DNA replication and cell division. 
In contrast, a second class of genes known as tumor suppressor genes 
sends stop signals during a cell cycle. For example, certain protein 
products of tumor suppressor genes signal potential problems with the 
DNA and thus stop the cell from dividing, while other proteins signal the 
cell to die if it is damaged beyond repair. Some tumor suppressor proteins 
also signal a sufficient surrounding cellular density, which indicates that 
the cell need not presently divide. The latter function is uniquely important 
in preventing tumor growth: normal cells exhibit a phenomenon called 
“contact inhibition;” thus, extensive cellular contact with neighboring cells 
causes a signal that stops further cell division. 

These two contrasting classes of genes, proto-oncogenes and tumor 
suppressor genes, are like the accelerator and brake pedal of the cell’s own 
“cruise control system,” respectively. Under normal conditions, these stop 
and go signals are maintained in a homeostatic balance. Generally 
speaking, there are two ways that the cell’s cruise control can lose control: 
a malfunctioning (overactive) accelerator, or a malfunctioning 
(underactive) brake. When compromised through a mutation, or otherwise 
altered, proto-oncogenes can be converted to oncogenes, which produce 
oncoproteins that push a cell forward in its cycle and stimulate cell division 
even when it is undesirable to do so. For example, a cell that should be 
programmed to self-destruct (a process called apoptosis) due to extensive 
DNA damage might instead be triggered to proliferate by an oncoprotein. 
On the other hand, a dysfunctional tumor suppressor gene may fail to 
provide the cell with a necessary stop signal, also resulting in unwanted 
cell division and proliferation. 

A delicate homeostatic balance between the many proto-oncogenes and 
tumor suppressor genes delicately controls the cell cycle and ensures that 


only healthy cells replicate. Therefore, a disruption of this homeostatic 
balance can cause aberrant cell division and cancerous growths. 


Note: 
Visit this link to learn about mitosis. Mitosis results in two identical diploid 
cells. What structures forms during prophase? 


Chapter Review 


The life of cell consists of stages that make up the cell cycle. After a cell is 
born, it passes through an interphase before it is ready to replicate itself and 
produce daughter cells. This interphase includes two gap phases (G, and 
G>), as well as an S phase, during which its DNA is replicated in 
preparation for cell division. The cell cycle is under precise regulation by 
chemical messengers both inside and outside the cell that provide “stop” 
and “go” signals for movement from one phase to the next. Failures of these 
signals can result in cells that continue to divide uncontrollably, which can 
lead to cancer. 


Once a cell has completed interphase and is ready for cell division, it 
proceeds through four separate stages of mitosis (prophase, metaphase, 
anaphase, and telophase). Telophase is followed by the division of the 
cytoplasm (cytokinesis), which generates two daughter cells. This process 
takes place in all normally dividing cells of the body except for the germ 
cells that produce eggs and sperm. 


Interactive Link Questions 


Exercise: 


Problem: 


Visit this link to learn about mitosis. Mitosis results in two identical 
diploid cells. What structures form during prophase? 


Solution: 


the spindle 


Review Questions 


Exercise: 
Problem: 


Which of the following phases is characterized by preparation for 
DNA synthesis? 


d. Go 
biG; 
C; G) 
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Solution: 


B 
Exercise: 


Problem: 


A mutation in the gene for a cyclin protein might result in which of the 
following? 


a. a cell with additional genetic material than normal 
b. cancer 

c. a cell with less genetic material than normal 

d. any of the above 


Solution: 


D 


Exercise: 


Problem: What is a primary function of tumor suppressor genes? 


a. stop all cells from dividing 

b. stop certain cells from dividing 

c. help oncogenes produce oncoproteins 

d. allow the cell to skip certain phases of the cell cycle 


Solution: 


B 


Critical Thinking Questions 


Exercise: 
Problem: 
What would happen if anaphase proceeded even though the sister 


chromatids were not properly attached to their respective microtubules 
and lined up at the metaphase plate? 


Solution: 


One or both of the new daughter cells would accidently receive 
duplicate chromosomes and/or would be missing certain 
chromosomes. 


Exercise: 


Problem: 


What are cyclins and cyclin-dependent kinases, and how do they 
interact? 


Solution: 


A cyclin is one of the primary classes of cell cycle control molecules, 
while a cyclin-dependent kinase (is one of a group of molecules that 
work together with cyclins to determine progression past cell 
checkpoints. By interacting with many additional molecules, these 
triggers push the cell cycle forward unless prevented from doing so by 
“stop” signals, if for some reason the cell is not ready. 


Glossary 


anaphase 
third stage of mitosis (and meiosis), during which sister chromatids 
separate into two new nuclear regions of a dividing cell 


cell cycle 
life cycle of a single cell, from its birth until its division into two new 
daughter cells 


centromere 
region of attachment for two sister chromatids 


centrosome 
cellular structure that organizes microtubules during cell division 


checkpoint 
progress point in the cell cycle during which certain conditions must 
be met in order for the cell to proceed to a subsequence phase 


cleavage furrow 
contractile ring that forms around a cell during cytokinesis that pinches 
the cell into two halves 


cyclin 
one of a group of proteins that function in the progression of the cell 


cycle 


cyclin-dependent kinase (CDK) 


one of a group of enzymes associated with cyclins that help them 
perform their functions 


cytokinesis 
final stage in cell division, where the cytoplasm divides to form two 
separate daughter cells 


diploid 
condition marked by the presence of a double complement of genetic 
material (two sets of chromosomes, one set inherited from each of two 
parents) 


Go phase 
phase of the cell cycle, usually entered from the G,; phase; 
characterized by long or permanent periods where the cell does not 
move forward into the DNA synthesis phase 


G, phase 
first phase of the cell cycle, after a new cell is born 


G» phase 
third phase of the cell cycle, after the DNA synthesis phase 


homologous 
describes two copies of the same chromosome (not identical), one 
inherited from each parent 


interphase 
entire life cycle of a cell, excluding mitosis 


kinetochore 
region of a centromere where microtubules attach to a pair of sister 
chromatids 


metaphase 
second stage of mitosis (and meiosis), characterized by the linear 
alignment of sister chromatids in the center of the cell 


metaphase plate 
linear alignment of sister chromatids in the center of the cell, which 
takes place during metaphase 


mitosis 
division of genetic material, during which the cell nucleus breaks 
down and two new, fully functional, nuclei are formed 


mitotic phase 
phase of the cell cycle in which a cell undergoes mitosis 


mitotic spindle 
network of microtubules, originating from centrioles, that arranges and 
pulls apart chromosomes during mitosis 


prophase 
first stage of mitosis (and meiosis), characterized by breakdown of the 
nuclear envelope and condensing of the chromatin to form 
chromosomes 


S phase 
stage of the cell cycle during which DNA replication occurs 


sister chromatid 
one of a pair of identical chromosomes, formed during DNA 
replication 


somatic cell 
all cells of the body excluding gamete cells 


telophase 
final stage of mitosis (and meiosis), preceding cytokinesis, 
characterized by the formation of two new daughter nuclei 


3.6 Cellular Differentiation fvcc104 
By the end of this section, you will be able to: 


e Discuss how the generalized cells of a developing embryo or the stem 
cells of an adult organism become differentiated into specialized cells 
e Distinguish between the categories of stem cells 


How does a complex organism such as a human develop from a single cell 
—a fertilized egg—into the vast array of cell types such as nerve cells, 
muscle cells, and epithelial cells that characterize the adult? Throughout 
development and adulthood, the process of cellular differentiation leads 
cells to assume their final morphology and physiology. Differentiation is the 
process by which unspecialized cells become specialized to carry out 
distinct functions. 


Stem Cells 


A stem cell is an unspecialized cell that can divide without limit as needed 
and can, under specific conditions, differentiate into specialized cells. Stem 
cells are divided into several categories according to their potential to 
differentiate. 


The first embryonic cells that arise from the division of the zygote are the 
ultimate stem cells; these stems cells are described as totipotent because 
they have the potential to differentiate into any of the cells needed to enable 
an organism to grow and develop. 


The embryonic cells that develop from totipotent stem cells and are 
precursors to the fundamental tissue layers of the embryo are classified as 
pluripotent. A pluripotent stem cell is one that has the potential to 
differentiate into any type of human tissue but cannot support the full 
development of an organism. These cells then become slightly more 
specialized, and are referred to as multipotent cells. 


A multipotent stem cell has the potential to differentiate into different 
types of cells within a given cell lineage or small number of lineages, such 
as ared blood cell or white blood cell. 


Finally, multipotent cells can become further specialized oligopotent cells. 
An oligopotent stem cell is limited to becoming one of a few different cell 
types. In contrast, a unipotent cell is fully specialized and can only 
reproduce to generate more of its own specific cell type. 


Stem cells are unique in that they can also continually divide and regenerate 
new stem cells instead of further specializing. There are different stem cells 
present at different stages of a human’s life. They include the embryonic 
stem cells of the embryo, fetal stem cells of the fetus, and adult stem cells in 
the adult. One type of adult stem cell is the epithelial stem cell, which gives 
rise to the keratinocytes in the multiple layers of epithelial cells in the 
epidermis of skin. Adult bone marrow has three distinct types of stem cells: 
hematopoietic stem cells, which give rise to red blood cells, white blood 
cells, and platelets ({link]); endothelial stem cells, which give rise to the 
endothelial cell types that line blood and lymph vessels; and mesenchymal 
stem cells, which give rise to the different types of muscle cells. 
Hematopoiesis 


Multipotential hematopoietic 
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The process of hematopoiesis involves the differentiation of 
multipotent cells into blood and immune cells. The multipotent 
hematopoietic stem cells give rise to many different cell types, 

including the cells of the immune system and red blood cells. 


Differentiation 


When a cell differentiates (becomes more specialized), it may undertake 
major changes in its size, shape, metabolic activity, and overall function. 
Because all cells in the body, beginning with the fertilized egg, contain the 
same DNA, how do the different cell types come to be so different? The 
answer is analogous to a movie script. The different actors in a movie all 


read from the same script, however, they are each only reading their own 
part of the script. Similarly, all cells contain the same full complement of 
DNA, but each type of cell only “reads” the portions of DNA that are 
relevant to its own function. In biology, this is referred to as the unique 
genetic expression of each cell. 


In order for a cell to differentiate into its specialized form and function, it 
need only manipulate those genes (and thus those proteins) that will be 
expressed, and not those that will remain silent. The primary mechanism by 
which genes are turned “on” or “off” is through transcription factors. A 
transcription factor is one of a class of proteins that bind to specific genes 
on the DNA molecule and either promote or inhibit their transcription 
([link]). 

Transcription Factors Regulate Gene Expression 


Transcription factors 


RNA polymerase 
Transcription begins 
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While each body cell contains the organism’s entire 
genome, different cells regulate gene expression with the 
use of various transcription factors. Transcription factors are 


proteins that affect the binding of RNA polymerase to a 
particular gene on the DNA molecule. 


Note: 

Everyday Connection 

Stem Cell Research 

Stem cell research aims to find ways to use stem cells to regenerate and 
repair cellular damage. Over time, most adult cells undergo the wear and 
tear of aging and lose their ability to divide and repair themselves. Stem 
cells do not display a particular morphology or function. Adult stem cells, 


which exist as a small subset of cells in most tissues, keep dividing and can 
differentiate into a number of specialized cells generally formed by that 
tissue. These cells enable the body to renew and repair body tissues. 

The mechanisms that induce a non-differentiated cell to become a 
specialized cell are poorly understood. In a laboratory setting, it is possible 
to induce stem cells to differentiate into specialized cells by changing the 
physical and chemical conditions of growth. Several sources of stem cells 
are used experimentally and are classified according to their origin and 
potential for differentiation. Human embryonic stem cells (hESCs) are 
extracted from embryos and are pluripotent. The adult stem cells that are 
present in many organs and differentiated tissues, such as bone marrow and 
skin, are multipotent, being limited in differentiation to the types of cells 
found in those tissues. The stem cells isolated from umbilical cord blood 
are also multipotent, as are cells from deciduous teeth (baby teeth). 
Researchers have recently developed induced pluripotent stem cells 
(iPSCs) from mouse and human adult stem cells. These cells are 
genetically reprogrammed multipotent adult cells that function like 
embryonic stem cells; they are capable of generating cells characteristic of 
all three germ layers. 

Because of their capacity to divide and differentiate into specialized cells, 
stem cells offer a potential treatment for diseases such as diabetes and heart 
disease (({link]). Cell-based therapy refers to treatment in which stem cells 
induced to differentiate in a growth dish are injected into a patient to repair 
damaged or destroyed cells or tissues. Many obstacles must be overcome 
for the application of cell-based therapy. Although embryonic stem cells 
have a nearly unlimited range of differentiation potential, they are seen as 
foreign by the patient’s immune system and may trigger rejection. Also, 
the destruction of embryos to isolate embryonic stem cells raises 
considerable ethical and legal questions. 

Stem Cells 


Totipotent embryonic stem cell 


Human embryonic stem cell 


Pluripotent embryonic stem cells 
Induced pluripotent stem cells 
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The capacity of stem cells to differentiate into 
specialized cells make them potentially valuable in 
therapeutic applications designed to replace damaged 
cells of different body tissues. 


In contrast, adult stem cells isolated from a patient are not seen as foreign 
by the body, but they have a limited range of differentiation. Some 
individuals bank the cord blood or deciduous teeth of their child, storing 
away those sources of stem cells for future use, should their child need it. 
Induced pluripotent stem cells are considered a promising advance in the 


field because using them avoids the legal, ethical, and immunological 
pitfalls of embryonic stem cells. 


Chapter Review 


One of the major areas of research in biology is that of how cells specialize 
to assume their unique structures and functions, since all cells essentially 
originate from a single fertilized egg. Cell differentiation is the process of 
cells becoming specialized as they body develops. A stem cell is an 
unspecialized cell that can divide without limit as needed and can, under 
specific conditions, differentiate into specialized cells. Stem cells are 
divided into several categories according to their potential to differentiate. 
While all somatic cells contain the exact same genome, different cell types 
only express some of those genes at any given time. These differences in 
gene expression ultimately dictate a cell’s unique morphological and 
physiological characteristics. The primary mechanism that determines 
which genes will be expressed and which ones will not is through the use of 
different transcription factor proteins, which bind to DNA and promote or 
hinder the transcription of different genes. Through the action of these 
transcription factors, cells specialize into one of hundreds of different cell 
types in the human body. 


Review Questions 


Exercise: 


Problem: 


Arrange the following terms in order of increasing specialization: 
oligopotency, pleuripotency, unipotency, multipotency. 


a. multipotency, pleuripotency, oligopotency, unipotency 
b. pleuripotency, oligopotency, multipotency unipotency 
c. oligopotency, pleuripotency, unipotency, multipotency 
d. pleuripotency, multipotency, oligopotency, unipotency 


Solution: 


D 
Exercise: 


Problem: 
Which type of stem cell gives rise to red and white blood cells? 


a. endothelial 

b. epithelial 

c. hematopoietic 
d. mesenchymal 


Solution: 


C 
Exercise: 


Problem: 


What multipotent stem cells from children sometimes banked by 
parents? 


a. fetal stem cells 

b. embryonic stem cells 

c. cells from the umbilical cord and from baby teeth 

d. hematopoietic stem cells from red and white blood cells 


Solution: 


C 


Critical Thinking Questions 


Exercise: 


Problem: 


Explain how a transcription factor ultimately determines whether or 
not a protein will be present in a given cell? 


Solution: 


Transcription factors bind to DNA and either promote or inhibit the 
transcription of a gene. If they promote the transcription of a particular 
gene, then that gene will be transcribed and the mRNA subsequently 
translated into protein. If gene transcription is inhibited, then there will 
be no way of synthesizing the gene’s corresponding protein. 


Exercise: 
Problem: 


Discuss two reasons why the therapeutic use of embryonic stem cells 
can present a problem. 


Solution: 


Embryonic stem cells derive from human embryos, which are 
destroyed to obtain the cells. The destruction of human embryos is an 
ethical problem. And, the DNA in an embryonic stem cell would differ 
from the DNA of the person being treated, which could result in 
immune problems or rejected of tissue. 


Glossary 
multipotent 
describes the condition of being able to differentiate into different 


types of cells within a given cell lineage or small number of lineages, 
such as a red blood cell or white blood cell 


oligopotent 


describes the condition of being more specialized than multipotency; 
the condition of being able to differentiate into one of a few possible 
cell types 


pluripotent 
describes the condition of being able to differentiate into a large 
variety of cell types 


stem cell 
cell that is oligo-, multi-, or pleuripotent that has the ability to produce 
additional stem cells rather than becoming further specialized 


totipotent 
embryonic cells that have the ability to differentiate into any type of 
cell and organ in the body 


transcription factor 
one of the proteins that regulate the transcription of genes 


unipotent 
describes the condition of being committed to a single specialized cell 


type 


